The sequencing of the black 6 mouse (strain C57Bl/6) has reached an important juncture. The BAC fingerprint map is almost complete, the BACs have been endsequenced and a seven-fold coverage whole-genome shotgun has been assembled. Now the BAC-by-BAC sequencing phase is under way and in-depth comparative analysis can be carried out on regions that have been the subject of targeted sequencing. This paper reviews the progress so far and looks forward to the promises of finished sequence.
Introduction
Lessons have been learnt from the Human Genome Project, which the genome centres have been able to apply to the mouse. The resources of the large genome centres have been coordinated in order to create an integrated strategy to the mouse sequencing project. Mapping, end-sequencing and whole genome shotgun resources have been obtained to support the final clone-based genomic sequence.
As the public draft of the mouse genome was recently announced by the International Mouse Sequencing Consortium and the mouse sequencing milestones have been brought forward, it is worth looking at the various large-scale on-going projects in the world of mouse genomics.
Status of the mouse genome map
A number of internationally available mapping resources facilitate the work of mouse genome researchers. The reference libraries for mouse genomic studies, RPCI 23 and RPCI 24 C57Bl/6 Bacterial Artificial Chromosomes (BACs), have been mapped by fingerprinting and end sequencing. Approximately 450 000 BACs were end-sequenced at the Institute for Genome Research (TIGR) (available from the TIGR home page and mirrored at the HGMP-RC). Around 306 000 BACs were fingerprinted at the British Columbia Genome Sequencing Center [viewable using the internet Contig Explorer (iCE; mouse database); the BAC tiling path selected for sequencing is also available from the Ensembl mouse page, using the 'contig view' option]. These were brought together in an assembly which was supported by 41 000 homology matches to the human sequence, and 16 997 mouse mapping markers provided by previous genetic and radiation hybrid maps. The average contiguous assembly (contig) length is 9.3 Mb and over 2.6 Gb (90%) of the mouse map is aligned to the human sequence. It is made available by the Ensembl project on their mouse page.
Status of the public mouse genome sequence
41 million whole genome shotgun (WGS) reads from the C57bl/6 strain, representing a seven-fold coverage of the genome, were carried out by the Mouse Genome Sequencing Consortium. The data are available from the Ensembl trace repository, which can be searched using the SSAHA search engine. These reads have been assembled at the Sanger Institute, using the PHUSION assembly 320 M. Botcherby engine (Z. Ning and J. Mullikin, unpublished data) and at the Whitehead Institute using the ARACHNE assembler [1] , using mapping information as support. In-depth comparisons of the two assemblies found them to be comparable by many criteria; however, the ARACHNE assembly was eventually selected as the basis for further analysis by the Mouse Genome Sequencing Consortium and is available from Ensembl. The N50 contig length value is 25 kb, which means that there is a 50% probability that a given base will find itself in a contig of 25 kb or greater. The N50 scaffold length value is 17 Mb. A contig is defined as a contiguous assembly of sequencing reads, whereas a scaffold is a structure in which a number of contigs are linked together and ordered on the basis of paired sequences of genomic clones. Ultracontigs were then constructed by bringing scaffolds together on the basis of the BAC physical map.
An illustration of how the emerging sequence is aligned to the physical map is shown in the two Mouse Ensembl screenshots in Figure 1 . Figure 1A represents the WAGR region on mouse chromosome 2, which is fully sequenced. The display shows the genomic sequence features aligned to the BACs mapping to the region. The clones can be obtained from CHORI or a resource centre such as the HGMP-RC (MRC Geneservice) for further analysis, such as functional research. The region featured in Figure 1B is, as yet, more thinly sequenced, illustrating the variation in coverage that exists at this time.
The Celera draft sequence
Another whole genome shotgun project was carried out by the Celera corporation. This mouse genome assembly comprises approximately 40 million reads. These reads are taken from a mixture of strains; 2.3-fold coverage is from the A/J strain, 1.6 from the DBA/2J strain, and 1.1 from the 129X1/SvJ strain. The assembly incorporates 1.7-fold coverage from the publicly available C57Bl/6 sequence carried out by the International Mouse Sequencing consortium. Additional reads from another strain, 129X1/SvnJ, bolster-up the assembly, which represents a 7.8-fold coverage of the genome. The average contiguous assembly is 27.6 kb and the average scaffold length is 33 Mb, with the largest being 112 Mb in length. In this assembly, 100 scaffolds represent 90% of the genome.
Because data from different strains is included, the assembly is a good resource for single nucleotide polymorphism (SNP) discovery. Although the figures are not adjusted for sequencing errors, 3.4 million SNPs have been mapped; 40% of these SNPs are intragenic, of which 91% have been validated experimentally. This resource is available on subscription; details are available from Celera.
Completing the public mouse genome sequence
The Mouse sequencing project will only be considered fully completed when the tiling path of mapped genomic clones from the RPCI 23 and 24 reference libraries have been fully sequenced and finished to the internationally accepted standards. The availability of the whole genome shotgun assembly will allow the sequencing centres involved to adopt a hybrid strategy, in which the available WGS sequence will be included in the assembly and finishing of BACs.
Some centres will be bolstering their assembly with the appropriate ARACHNE contigs and quality values, using tools such as FetchWGS (M. Griffiths, unpublished data), and others retrieving the original reads which made up the contig from the trace repository. Whichever strategy is employed, the DNA sequence production teams will need to provide fewer reads and the sequencing centres are currently assessing the saving in production reads required. Not all have come to a conclusion, but work carried out at the Sanger Institute indicates a figure of 1100 reads per 100 kb of genomic sequence, as reported by Lucy Mathews and colleagues at the Cold Spring Harbor Genome Sequencing and Biology conference last May. This represents a reduction of around 50% on the depth 
Targeted sequencing
In addition to the general approach taken to the sequencing of the mouse genome, some regions have been selected for fast-track finished sequence, within the coordinated strategy, sequencing BACs from the same libraries as the mouse sequencing project and entering them in the NIH clone registry, in order to avoid duplication of effort, e.g. the American National Human Genome Research Institute (NHGRI) will accept requests for sequencing individual BACs of high biological interest, the Joint Genome Institute (JGI) is sequencing regions syntenic with human chromosome 19, and the UK mouse sequencing consortium is targeting regions that are the focus of intensive study.
UK mouse sequencing consortium
In view of the 'patchy' nature of the sequence coverage (see Figure 1) , in order to support ongoing, detailed, biologically-based projects, some regions have been targeted for priority sequencing, and this is the approach taken by the Medical Research Council. A UK Mouse Sequencing Consortium was set up in 1999 with the brief of obtaining the finished sequence for regions of particular interest to the British mouse genomic community ahead of the rest of the genome, by October 2002. The regions have been selected because they form the basis of on-going projects, and all are the target of mutation screens within the ENU mutagenesis project. Briefly, the four regions are a 9 Mb region on mouse chromosome 2 (human 11p13-14) containing the WAGR region, as well as other known mutations, a 22 Mb region on mouse chromosome 4 (human 9p23 and 9q33) around the tyrp1 (brown) locus, the Del(13)Svea36H deletion region on mouse chromosome 13, covering 14 Mb, and the Dmd to Ar region of mouse chromosome X.
In addition to these four main regions, which amount to 50 Mb, applications to sequence additional small regions were invited from the UK scientific community. 46 BACs covering 19 loci originating from 17 collaborators were accepted for sequencing within the scope of these additional projects, and most are finished with the rest in shotgun phase. The regions on chromosomes 2 and 4 are on target to be completed by the end of the project and the regions on 13 and X are likely to be finished ahead of the end of the project. The chromosome 13 region represents 14 Mb of contiguous sequence and therefore provides the opportunity for the longest stretch to date of contiguous sequence comparison between species.
Comparative studies
Furthermore, the close analysis of these sequence comparisons provides important information in the form of conserved regulatory elements, e.g. the finished sequence for the WAGR region from WT1 to ELP4 is available for human, mouse and Fugu rubripes [4] . The areas of conservation of these three genomic sequences are aligned to the (Figure 2 ). Analysis of these sequences by Veronica Van Heyningen and colleagues reveals candidates for regulatory elements, some of which have been confirmed in animal experiments [3] , e.g. the Ectodermal Enhancer and the Retinal Enhancer are clearly conserved in mouse and Fugu, as are the promoters and the C1170 Box 123 cis-regulatory region [2] . Note also that the untranslated exons 3 and 4 are not conserved in Fugu, whereas they are in mouse.
The translated exons 5-13 are conserved in all three species.
Mouse cDNA sequencing
As the focus starts to shift from the genomic to the post-genomic era, efforts are being made to obtain finished sequence of full-length cDNA libraries. The RIKEN Institute, in Yokohama City, Japan, has just organized the annotation of the first 60 000 clones from the FANTOM 2 project. The average length of cDNA was 1974 bp, the longest 12 349 bp. Although a publication is not out yet, an overview of the results was presented in poster form by Yasushi Okazaki and colleagues at the Genome Sequencing and Biology meeting at the Cold Spring Harbor Laboratories, in May. 60 770 full-length cDNA sequences were aligned to the mouse genome. Of these, 36 000 loci were annotated, with 47 000 variants, approximately 20% matched unknown ESTs and 20% were unclassifiable. A closer study of 7000 pairs of sense and antisense genes was also carried out.
Conclusion
The availability of the mouse genomic resources, particularly that of the whole-genome shotgun data, will have a marked effect on the endpoints of the mouse genome sequencing project, bringing the target dates forward. It is now estimated that BACs will be in 'deep-shotgun' phase (most of the sequence data being obtained) by next spring, with the likely date for a finished mouse genome sequence now being 2005. 
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